The optical band gap (E g ) of Pb 1−x Fe x S solution-grown nanoparticle films was varied from 2.65 to 2.22 eV with an increase in iron concentration 0.25 x 0.75 in films grown at fixed pH and temperature by the chemical bath deposition method. The presence of excitonic structure in the ternary Pb 1−x Fe x S for x 0.50 suggests increasing binding energy with increase in iron concentration in the films. A shift of excitonic peak towards higher energy with an increase in iron concentration is also observed.
Introduction
The fabrication of semiconductor nanoparticles, due to their size-dependent properties, is an exciting field of research for future optoelectronic applications. Several physical and chemical methods have been reported for synthesizing thin films of semiconductor nanoparticles [1, 2] . Optical characteristics of these particles are known to be sensitive to their size. For example, bulk lead sulfide (PbS) is a semiconductor with an optical band gap of 0.41 eV with continuous optical absorption at shorter wavelengths. However, incrementation of the band gap of PbS is observed from 0.41 to 5.4 eV as the crystallite size is reduced from 20 to 2 nm [3] . Similar changes have also been observed for many semiconductors such as CdS, ZnS, CdSe and ZnSe [4] .
Most of the works on nanocrystalline semiconductors reported so far have been restricted to the study of binary semiconductors [4] [5] [6] . However, the particle-size dependence of electronic and optical properties in ternary semiconductors is now of major interest. In this paper we report the particle-size dependence of the optical band gap in Pb 1−x Fe x S nanoparticle films. Lead sulfide (E g = 0.41 eV for bulk material) on alloying with iron sulfide (E g = 0.04 eV for bulk material) [7] is expected to result in band gap values between 0.41 and 0.04 eV on increasing the iron concentration in bulk Pb 1−x Fe x S. However, reduction of particle size is expected to result in a much larger particle-size-dependent optical band gap in Pb 1−x Fe x S nanoparticle films. Increase in iron concentration in the ternary films is likely to be associated with a decrease in their optical band gaps.
Experimental details
Thin films of Pb 1−x Fe x S (x = 0.25, 0.33, 0.50, 0.66 and 0.75) were deposited on cleaned quartz, glass and silicon substrates. (M/25) lead acetate, (M/25) ferrous chloride and (M/20) thiourea aqueous solutions were used for the growth of ternary films with the desired compositions. Initially, cleaned quartz substrates were dipped in a mixture containing equal amounts of lead acetate and thiourea solutions. The chemical bath was maintained at a temperature of 30
• C(±1 • C) and the solution was stirred continuously. Liquid ammonia was gradually added to bring the pH of the solution to 9.0. The appropriate quantity of aqueous FeCl 2 (M/25) solution was added slowly at this stage to obtain a particular value of 'x' in the film. The pH of the solution was then driven to 9.75. Optimized quantities of the precursors were used to obtain a specific value of 'x' in Pb 1−x Fe x S films. The composition of each film was analysed by x-ray fluorescence spectroscopy (XFS). The thickness of all the films was maintained at 200 nm. The Pb-Fe-S films were also grown on cleaned glass and chemically cleaned silicon wafers. The average grain size in the films was investigated by TEM in the plane-view (PVTEM) mode, using a Philips CM20 instrument operating at 200 keV. An atomic force microscope (AFM) was used to study the surface morphology of films. A UV-VIS-NIR spectrophotometer was used to measure the reflectance and transmittance of these films.
Results and discussion
X-ray diffraction (XRD) data (figure 1(a)) obtained from the films indicates the presence of a single-phase ternary alloy of the type Pb 1−x Fe x S with lattice identical to that of PbS. The lattice parameters of the films (with x = 0.25, 0.33, 0.50, 0.66, and 0.75) decrease almost linearly from 0.597 to 0.589 nm as the Fe concentration is increased from 0.25 to 0.75 ( figure 1(b) ). This decrease of lattice parameter with increase in Fe concentration can be attributed to the dominating behaviour of the smaller ionic radius of Fe 2+ (0.074 nm) as compared to that of Pb 2+ (0.120 nm) [8, 9] . the dispersion in size as obtained from the TEM analysis. The observed decrease in grain size with increase in x is possibly due to the lower ionic mobility of Fe 2+ ions as compared to that of Pb 2+ ions on the substrate during the growth of the films. This is expected to lead to enhanced growth of stable nuclei in the initial stages of growth followed by impaired grain growth, hence, resulting in smaller grains in the iron-rich films. For a particular iron concentration 'x' in the films, the particle size is observed to increase with an increase in the pH and temperature of the bath.
The surface morphology of the films grown on quartz substrates is investigated by AFM operated in the tapping mode. The AFM (scan area 1 µ × 1 µ) micrographs in two dimensions (2D) are shown in figure 4 . The AFM micrographs confirm that the particle size decreases with increasing iron concentration in the films.
The wavelength dependence of the absorption coefficient (α) is computed from the experimentally measured transmittance and reflectance data. Figure 5 shows the variation of absorption coefficient (cm −1 ) with energy for x = 0.66 and 0.75. It is observed that the absorption edge shifts towards higher wavelengths with increase in iron concentration (x). The (αhν) n versus hν plots for n = 2, 1/2 and 1/3 show a linear behaviour for n = 2, indicating the presence of a direct optical band gap in these films for all x (figure 6). The optical band gap (E g ) of the films (grown at 30
• C with pH = 9.75) is observed to decrease from 2.65 to 2.22 eV as the Fe concentration increases from 0.25 to 0.75. Alloying of bulk PbS (E g = 0.41 eV) with bulk FeS (E g = 0.04 eV) [7] is expected to vary the optical band gaps between 0.41 and 0.04 eV for x between 0 and 1 in the ternary Pb 1−x Fe x S materials. The band gap values of Pb 1−x Fe x S (bulk) materials calculated with the help of Vegard's law are summarized in table 1. However, the large experimentally observed E g values indicate alloying between nanocrystalline PbS and FeS phases. The ratio of experimentally observed E g in the nanoparticle films to theoretically estimated (using Vegard's law) E g for bulk (b/a in the table 1) shows the extent of quantum size effects in Pb 1−x Fe x S nanoparticle films. It is observed from the ratio that the quantum size effect increases on increasing the iron concentration in films. It is seen that the size effect on the optical band gap is stronger in the ternary Pb 1−x Fe x S nanoparticle films than in PbS nanoparticle films with the same crystallite size. Electrodeposited PbS nanoparticles of 24 nm (average crystallite size) show a band gap value of 1.4 eV [10] , which is 3.4 times the E g for bulk PbS; whereas, the ternary Pb 0.75 Fe 0.25 S with a crystallite size of 24 nm has an E g value 8.55 times the bulk value. The observed increase in the quantum size effect could possibly be attributed to a decrease in effective mass [11] and an increase in binding energy over that in PbS nanoparticles. The proposed decrease in effective mass with increase in iron concentration x in the Pb 1−x Fe x S films is also reflected in the observed increase in the experimentally measured Hall mobility [9] of the carriers (table 1). The increase in binding energy with increase in iron concentration in the films is reflected by the presence of excitonic structure in the x 0.50 ternary Pb 1−x Fe x S materials. PbS nanocrystallites do not show any excitonic transition [12] . Excitonic structures are readily observed in large band gap semiconductors with large binding energy such as CdSe and CdS. The observed increase in absorption coefficient (figure 5) for E < E g in the nanoparticle films is identified as an excitonic peak. The intensity of excitonic absorption is observed to increase with x. Also, the position of the excitonic peak is observed to shift to higher energies as iron concentration x is increased in the films (figures 5 and 6). The increase in intensity and shift in position of the excitonic peak is attributed to the observed decrease in grain size in the films with an increase in x. A similar observed shift in the position of the excitonic peak towards higher energies in CdSe crystallites has been explained as being due to a decrease in crystallite size by Lippens et al [13] .
Conclusions
The optical band gap (E g ) of films was varied from 2.65 to 2.22 eV with an increase in iron concentration x from 0.25 to 0.75 in single-phase Pb 1−x Fe x S films grown by the chemical bath deposition method at fixed pH and temperature. Excitonic absorption is observed in the films with x 0.50 which increases in intensity and shifts towards higher energy for higher iron concentrations in the films.
